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ABSTRACT 
Saager, P.M. and de Baar, H.J.W., 1993. Limitations to the quantitative application of Cd as a paleoceanographic tracer, 
based on results of a multi-box model (MENU) and statistical considerations. Global Planet. Change, 8: 69--92. 
The distribution of cadmium in the modern ocean gives important information about ocean circulation :nd nutrient 
distributions. As the Cd/Ca-ratio of foraminiferal shells is proportional to that of seawater, Cd/Ca-records of benthic 
foraminifera have been used to reconstruct the Glacial t~eanic distributions of dissolved Cd and PO4 quantitatively. The 
results, in turn, have served as boundary conditions for ocean carbon cycle models. This quantitative reconstruction, 
however, requires that the present oceanic Cd-PO4 relationship and the distribution coefficient converting Cd/Ca-ratios 
into dissolved Cd and PO4 concentrations, remain constant through geological time. 
We have constructed a multi-box model (MENU: metal-nutrients) o test various hypotheses about the biogeochemical 
mechanisms determining the modern oceanic Cd-PO4 relationship and its behaviour in time. The results indicate that the 
oceanic Cd-PO4 relationship may change in response to changing oceanic conditions, such as circulation, productivity 
changes and upwelling intensity, for example during a glacial period. In addition, we discuss the frequent omission in the 
literature of statistical considerations pertaining to regression analysis, resulting in an unduly optimistic estimate of the 
distribution coefficient, hereby neglecting uncertainties onthe order of 30% or more. In combination with spatial variability 
of the distribution coefficient, his conceivably poses intrinsic restrictions to its use as a conversion factor. 
We conclude that, a~,,~itir~7 ,  ,dgnifiea~t reduction of the aferementioned uncertainties, interpretation f the sedimentary 
Cd/Ca record should be performed only qualitatively. 
Introduction 
Ocean circulation and oceanic nutrient distri- 
butions (more specifically phosphate, PO4 and 
nitrate, NO 3) are important variables in scenarios 
trying to explain the 80 ppmv shift in atmospheric 
CO2 content between GlaciA and Interglacial 
times (Broecker and Peng, 1986; Broecker and 
Peng, 1987; Boyle, 1988c; Boyle, 1988b; Sarmiento 
et al., 1988b, Volk and Liu, 1988; Keir, 1989; 
Keir, 1990; Peng and Broecker, 1991). Hence, 
they are also important variables in models fore- 
casting the possible climatic effects of the in- 
crease in atmospheric CO2 content due to an- 
thropogenic emissions. In addition, since biologi- 
cal productivity in large parts of the world oceans 
is limited by low surface water concentrations of 
PO4 and NO~, the availability of which is to a 
large extent determined by the rate of upwelling 
of abyssal waters, knowledge of paleonutrient dis- 
tributions and paleocirculation is of importance 
also in studying paleoproductivity (Bishop, 1989; 
Keir, 1989; Martin, 1990). 
The oceanic distributions of PO4 and NO 3 are 
controllec~ by a combination of their involvement 
in the biological cycle and the oceanic thermoha- 
line circulation (Broecker and Peng~ !982). Nutri- 
ents could thus, in principle, serve as tracers for 
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both paleonutrient distributions and paleocircula- 
tion. However, since the oceanic distributions of 
these nutrients are not directly preserved in the 
sedimentary record, other, indirect tracers must 
be used. Both cadmium (Cd) and carbon-13 (13C) 
have seawater distributions very similar to those 
of PO 4 and NO:~ (Boyle et al., 1976; Bruland et 
al., 1978; Bruland, 1980; Kroopnick, 1985) and of 
both elements their dissolved distributions are 
recorded in foraminiferal shells (Boyle, 1986; 
Boyle, 1988a; Boyle, 1992). The paleoceano- 
graphic applications and limitations of t3C have 
been extensively discussed in the literature 
(Shackleton, 1977; Boyle and Keigwin, 1982; 
Shackleton et al., 1983; Duplessy et al., 1984; 
Boyle, 1986; Boyle and Keigwin, 1987; Curry et 
al., 1988; Broecker, 1992) and will not be ad- 
dressed. Here, we want to focus on the restric- 
tions to a quantitative interpretation of the sedi- 
mentary Cd/Ca-record. 
The modern oceanic distributions of dissolved 
Cd, PO4 and NO3 are closely correlated (Boyle et 
al., 1976; Bruland et al., 1978; Bruland, 1980). At 
individual stations, property-property plots of Cd 
versus  PO 4 (or  NO.0 often approximate a linear 
correlation which is highly significant statistically 
( r )  0.9; a < 0.01). Hereafter, PO4 will be u~ed as 
the reference nutrient, but the discussion is gen- 
erally valid for NO~ as well. From a compilation 
of eight Atlantic and north Pacific 4ata sets for 
waters below the mixed layer, it was concluded 
that the relationship between Cd and Pea was 
uniform globally (Boyle, 1988a; Table 1). This 
uniformity has recently been. questioned an0 the 
oceanic Cd-PO4 relationship has been revisited 
(De Baar et al., submitted; Table 1). 
TABLE 1 
Coefficients of linear regression of Cd on Pea 
Reference Seawater relationship: 
Cd (nM) = a x PC~4(~ M) + b 
a b 
Boyle, 1988 0.2 0 
0,4 - 0.25 
De Baar et al. 0.15 0.065 
(submitted) 9.38 - 0.15 
(P04 < 1.3 ~M) 
(PO.~ > 1.3/.tM) 
(PO,, < 2.0 ,aM) 
(P04 > 2.0/zM) 
TABLE 2 
Distribution coefficient, D = Cd/Caforam: Cd/Caseawater 
Reference D Ern~r 
Delaney, 1989 2-4 33% 
Boyle, 1988 2.6 > 0.6 linear regression 
2.9 + 0.6 based on histogram 
In the early eighties, Boyle and coworkers 
(Boyle, 1981; Hester and Boyle, 1982; Delaney, 
1989) demonstrated that Cd appeared to be in- 
corporated into foraminiferal shells in proportion 
to its ambient seawater concentration. The "dis- 
tribution coefficient" (D), relating the Cd/Ca 
ratio of the foraminiferal shell to that in seawa- 
ter, was assessed in two ways. Using a radioactive 
Cd-tracer in culture studies of planktonic 
foraminifera, D was determined irectly (Dela- 
ney, 1989; Table 2). An indirect estimate of D 
was determined by comparing Cd/Ca ratios in 
various benthic foraminiferal species obtained 
from box-core tops, with the ambient bottom 
water PO4 concentration (obtained from the 
GEOSECS expeditions) (Hester and Boyle, 1982; 
Boyle, 1988a). Relying on the relationships in 
Table 1, D was calculated for each box-core top 
and for each species (Table 2). In order to guar- 
antee that bioturbation did not introduce Glacial 
foraminifera into Holocene sediments, only those 
box-cores were selected where isotopic stratigra- 
phy indicated more than 15 cm of Holocene 
sediment (hereafter called documented cores) 
(Boyle, 1988a; Boyle, 1992). With the above rela- 
tions for D and Cd-PO 4 ('Fables 1 and 2), the 
Cd/Ca record of benthic foraminifera has been 
used for a quantitative r construction f the pale- 
oceanographic distributions of dissolved Cd or 
PO4, which, in turn, have been interpreted in 
terms of paleonutrient distributions and/or pale- 
ocirculation (Boyle, 1986; Boyle and Keigwin, 
1987; Curry et al., 1988; Duplessy et al., 1988; 
Broecker and Denton, 1989; Boyle, 1990; Dela- 
ney, 1990). These paleoceznographic re onstruc- 
tions have served as boundary ct~nditions for nu- 
merical simulations, modelling pa!eoproductivity 
and the 80 ppmv shift in atmospheric CO 2 con- 
tent between the last Glacial and the Holocene, 
see above. 
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In order to interpret he Cd/Ca-record quan- 
titatively, two conditions have to be met: 
(1) The modern oceanic Cd-PO4-relationship 
must be constant in time. 
(2) The distribution coefficient, D, must be 
calibrated independantly and there must be no 
reason to suspect its changing in time. 
Mostly, it is common (and good) practice to 
assume constancy in time of present-day relation- 
ships in absence of compelling arguments to the 
contrary. However, in this paper we argue that, 
thus far, neither of the above two conditions 
seems to hold for the geological past. 
We discuss the results of a numerical simula- 
tion model (MENU), which was developed to test 
various hypotheses about the biogeochemical 
mechanisms determining the oceanic distribu- 
tions of Cd and PO4 and to evaluate the influ- 
ence of changing oceanic conditions between 
Glacial and Interglacial times on the seawater 
Cd-PO4 relationship. Prior to the model the 
modern Cd-PO4 relationship is reviewed briefly. 
After the model we shall deal with statistical 
considerations pertaining to quantitatively esti- 
mating Cd, PO 4 or D from property-property 
plots. Lastly, the problems associated with an 
accurate determination of D will be discussed. 
Results 
The relationship between Cd and P04 in modern 
seawater 
Trends 
A recent, complete review of the presently 
evailable Cd dataset will form the basis of the 
following discussion (De Baar et al., submitted). 
In that paper a selection criterion was applied to 
ensure the inclusion of exclusively high-precision 
Cd and PO 4 data. The selection criterion does 
not guarantee high accuracy of the datasets. 
The traditional approach of studying metal- 
nutrient relationships i from property-property 
plots of the entire watercc.~lumn (sometimes with 
exclusion of surface waters, e.g. Boyle et al., 1976; 
Bruland, 1980; Boyle, 1988a; Westerlund and 
~hman, i991; Frew and Hunter, 1992). However, 
the main reason such analyses must be viewed 
with caution is that several water masses are 
intersected, each with completely different bio- 
geochemical nd physical characteristics. In open 
ocean surface waters, concentrations of metals 
and nutrients are largely determined by a balance 
between upwelling and removal by primary pro- 
ducers. In the permanent thermocline, remineral- 
ization of organic material and mixing are impor- 
tant processes and in abyssal waters mixing be- 
tween water masses plays a dominant role. Plot- 
ting these data into one graph furthermore ob- 
scures regional trends due mainly to the fact that 
most of the spread of the data is caused by 
thermocline waters (Figs. 4 and 5), spanning a 
concentration range uom low (sub)surface water 
values to maximum values at the base of the 
thermocline. Intportant water masses each with 
different preformed Cd and PO 4 concentrations 
and Cd/PO 4 ratios, are for example the North 
Atlantic Deep Water-coraplex (NADW), Antarc- 
tic Bottom Water (AABW) and Antarctic Inter- 
mediate Water (AAIW). 
Ideally, one would like to foIlow the chemical 
evolution of a well-defined water-type at specific 
density surfaces. However, this approach calls for 
an accurate study of the hydrography of waters 
and most trace metal papers are scant on hydrog- 
raphy. A compromise would be to at least sepa- 
rate surfact~ waters, permanent thermocline wa- 
ters and thermohaline driven deep waters (de- 
eper than ---1000 m) and study property-prop- 
erty plots for each of these water-types. Labelling 
of samples would enable the analysis of regional 
trends. 
A more instructive picture is obtained from 
plotting the Cd/PO4 ratio as a function of water- 
depth (Fig. 1). In case of ideal, fur]ctional covari- 
ation between both elements, the ratio should 
remain constant vertically c~.ver large areas (Fan- 
ning, 19912). However, since precision and accu- 
racy of the data strongly aecrease with low con- 
centrations, the ratio exhi0its large error near the 
surface. This is shown schematically in Fig. 2. For 
almost all datasets, Cd and PO 4 do not show 
ideal covariation (Fig. 1). Cd/PO 4 ratios are low 
in surface waters (50-200 pmol/tzmol). Lowest 
values are observed for oligotrophic gyres (30-100 
pmol/~mol cf. Bruland, 1980), whereas up- 















Fig. I. Vertical profiles of Cd/PO 4 ratio (pmol/p.mol). Data 
are from northwest Atlantic Ocean, open circles (Bruland and 
Franks, 1983), west equatorial Indian Ocean, closed circles 
(Morley et al., ~n press) and northeast Pacific Ocean, open 
squares (Bruland, 1980). 
welling areas have high ratios (100-200 pmol/  
~mol, cf. Saager et ai., 1oO2). Cd/PO 4 ratios 
strongly increase in the upper thermocline, reach 
a maximum at or above the individual dissolved 
maxima of Cd and PO 4 and remain constant 
below this depth. As we shall see below, latter 




Redfield ocean = 300 
Fig. 2. Theoretical profile ot Cd/PO 4 ratio (pmol/p.mol) for 
a Redfield Ocean where ra fractionatior~ between Cd and 
PO 4 occurs. The error envelope, given by its wi,J~h, W is 
a function of the coefficients of variation (C.V.) of the Cd 
and PO4 meas,,mments: W=4×(Cd/PO4)×{(C.V.cd)2+ 
tC.V.ro~)2] °-~, ~te  the rapid increase in W in the !npper 
watercolumn due to increasivg errors on the Cd and PO4 
measurements at low concentrations. 
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Fig. 3. Cd/PO 4 ratio (pmol//: mol) of thermohaline driven 
deep waters, vers~ An4C values (%0). Only high quality Cd 
data were used. Carbon-14 values were estimated from the 
nearest 6EOSECS stations ((Sstlund and Stuiver, 1980; Stuiver 
and (~stlund, 1980; Stuiver and (~stlund, 1983) at correspond- 
ing density or, in absence of information on hydrography, at
corresponding depth intervals. Care was taken to ensure char- 
acterization of correct water masses. Vertical variability of 
AI4C in deep waters remains constant over large areas. The 
error in the Al4C values is probably not larger than + 10- 
15%o. However, since stations do not match in time and 
space, the data must be regarded as a trend only. 
two mechanisms which may account for this pat- 
tern. In the thermohaline driven deep waters, the 
Cd/PO 4 ratio increases with the age of the water 
(Figs. 1, 3 and 4). A step-wise increase of the 
Cd/PO 4 ratio from 200 pM//zM to 280 pM//~M 
occurs at the transition from NADW to AABW 
(Figs. 3 and 4). After the Antarctic, the deep 
ocean circulation is dominated by Antarctic and 
recirculated Antarctic waters (Broecker et al., 
1985) and Cd/PO 4 ratios in deep waters gradu- 
ally increase fium the Antarctic (280 pmol/~mol) 
to the northeast Pacific Ocean (330-350 
pmol/kg). 
The lack of ideal covariation is ~urther re- 
flected by the significant non-zero intercepts in 
the deep water property-property plot of Cd 
versu.,3 PO 4 (Fig. 4). Clearly, two different deep 
water provinces can be distinguished, exhibiting 
statistically significantly different Cd-PO 4 rela- 
tionships. A property-property plot of the ther- 
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Fig. 4. Property-property plot of Cd (pmol/kg) versus PO 4 
(ttmol/kg) for thermohaline driven deep waters (high quality 
data only), redrawn after De B~ar et al., submitted. The 
distribution is significantly bimodal, hence two relations must 
be used, one for PO4 > 2.0 tzraol/kg, one for PO4 < 2.0 
pmol/kg. In the plot regress:on lines obtained by ordinary 
least squares regression (OLS) are drawn with corresponding 
95% confidence intervals on the slope b and the entire 
population (the latter must be used for predicting Cd at given 
PO4). The dashed line is the regression  the entire popula- 
tion, when ignoring the bimodality. 
mary producers and/or  PO 4 is preferentially ex- 
creted by grazers. Both processes lead to low 
Cd/PO 4 ratios in surface waters and high ratios 
in sinking organic matter. Subtle trends have 
been observed in surface waters enabling a tenta- 
tive discrimination between both fractionation 
processes, but these do not affect the present 
discussion. However, preferential remineraliza- 
tion of PO4 should be largely restricted to grazers 
producing ~,~O4 depleted fecal l~ellets, and cannot 
be persistent throughout the entire watercolumn. 
For, in that case the dissolved maxima of Cd and 
PO 4 would be decoupled vertically, a~ is the case 
with for example PO 4 and Si. The latter element 
has a significantly deeper remineralization cycle 
than PO4 (Broecker and Peng, 1982). A statisti- 
cally ~ignificant decoupling of the dissolved max- 
ima of Cd and POd (and consequently increasing 
Cd/PO4 ratios with depth below the thermo- 
cline, other than due to transitions between dif- 
.*erent water masses), has been observed in only 
very few published atasets (De Baar et al., sub- 
mitted). Some fractionation during remineraliza- 
tion cannot be precluded in view of the precision 
of the data and the resulting Cd/PO 4 ratios. 
mocline region only (Fig. 5), also shows different 
Cd/PO4 slopes for the north Atlantic (--200 
pmol/pmol)  and the other oceans (30~J-350 
pmol/~mol; no data has as yet been published 
for the South Atlantic Ocean). Thermocline wa- 
ters have small non-zero intercepts for Cd versus 
PO4, as they bridge surface waters with virtually 
zero Cd and PO4 concentrations and deep waters 
with high concentrations. Note that, although 
Indo-Pacific deep waters and thermocline waters 
have largely similar Cd /PO 4 ratios, deep water 
slopes are higher (400 x 10 -6 versus 330 × 10 -6) 
due to the large non-zero intercept. 
Mechanisms 
The trends of the Cd-PO4 relationship are 
compatible with the foiJowing processes. In sur- 
face waters Cd and PO4 are fractionated. Theo- 
retically, two fractionation processes can be envi- 
sioned (Boyle et al., 1981; Collier and Edmond, 
1984). Cd is preferentially incorporated by pri- 















Ii Mx ii 
x el • 
M R,,~e 
~m :ill M 
e 
I~ l  4"W 
Ni  ,~  m A m 
. ,  
0 1 2 
0 
3 "4  
P (pmol/kg) 
Fig. 5. Property-property plot of Cd (pmol/kg) versus  PO 4 
(pmol/kg) for thermocline waters, = 0-1200 m depth (high 
quality data only, references given in De Baar et al., submi',- 
ted). Note the significantly smaller intercepts han for deep 
waters. 
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In the thermocline, reminera~ize, tion of dis- 
solved or sinking particulate oiganic matter 
(POM) releases both elements into solution. As 
the o;ganic matter has high Cd/PO 4 ratios, the 
dissolved ratio increases with depth. In addition, 
horizontal and vertical mixing with deep water 
masses ultimately determines the observed verti- 
cal gradients of dissolved Cdl PO4 and the 
Cd/PO4 ratio. The difference in Cd/PO4 slope 
between thermocline waters of the Atlantic and 
the lndo-Pacific Oceans may be due to a differ- 
ence in composition of organic matter, but may 
also be due to mixing between thermocline wa- 
ters and North Atlantic Deep Water with low 
Cd/PO4 ratios in the north Atlantic Ocean, and 
mixing between thermocline waters and Antarctic 
~vater masses with high Cd/PO 4 ratios in the 
other oceans. Consequently, the thermocline 
slope does not solely reflect the regenerative ra- 
tio of Cd versus PO4. 
The step-wise increase of the deep water 
Cd/PO4-ratio mentioned above may be crucial to 
the behaviour of the Cd-PO 4 relationship in time. 
it probably derives from the fact that at the 
formation areas of NADW and AABW, dt~ep 
waters are created with a preformed Cd/PO4-sig- 
nal. The preformed Cd/PO4 ratio of NADW is 
substantially ower than that of AABW. The fact 
that Cd/PO4 ratios increase with the age of the 
deep water (Fig. 3) is due to the continuous 
remineralization of organic matter with high 
Cd/PO~ ratios. It has also bee~l suggested that 
this kink in the Cd-PO 4 plot would be caused by 
the intrusion of AAIW, car~ing low preformed 
Cd/PO4 ratios (Doroshevich anti Bo)i,:, 1992; 
Frew and Hunter, 1992). However, no data are 
available from ~'aters positively identified as 
AAlW source waters (Antarctic Cop vergence). 
Sample,~ t~ken in the vertical watercolumn, inter- 
secting ,the AAl-watcr mass have Cd/PO 4 ratios 
sin dlar to those in AABW (260-300 pmol//zmol) 
(Statham, 1983; Yeats, pers. comm., 1992; Frew 
and Hunter. 1992). Hence, the low ratios of 
NADW are sandwiched between high ratios of 
AAIW and AABW. Because deep Atlantic water 
has a relatively short residence time, its low 
Cd/PO 4 ratio may reflect the relatively small 
contribution of regenerative input relative to pre- 
formed concentrations. It is thus to be expected 
that in case of a longer esidence time of Atlantic 
deep waters, the regenerative contribution will 
increase and the Cd/PO 4 ratio will change. 
Summarizing, the Cd/PO 4 ratio is variable in 
three dimensions. The distribution of the Cd/PO 4 
ratio in the oceans is controlled by a fractionation 
process in surface waters, transmitted to deep 
waters by the biological pump. The oceanic deep 
water circulation creates an asymmetry between 
the oceans not only in deep water Cd and PO 4 
concentrations, but also in Cd/PO 4 ratios. We 
shall now consider the question whether the pre- 
sent relationship is likely to remain constant 
through geological time, in order to allow a re- 
construction of paleo-nutrient distributions. 
Modelling Cd and PO 4 in the Interglacial and 
Glacial oceans 
Although the present-day relationship between 
Cd ai,d PO 4 is not constant in space, what we 
really want to know is whether it should be ex- 
pected to be constant in time. Four factors pre" 
sumably determine the relationship between Cd 
and PO4: 
(I) thermohaline circulation; 
(2) the Cd/PO4-ratio f remineralizing organic 
material as determined by fractionafion processes 
in surface waters 
(3) the contribution of pretormed eep water 
concentrations of Cd and PO 4 and their Cd/PO 4 
ratios 
(4) the oceanic Cd and POa inventories. 
Let us consider a few often used scenarios for 
the Glacial ocean. These include a significant 
reduction, though no cessation, of North Atlantic 
Deep Water formation (Boyle and Keigwin, 
1985/1986), an increased productivity in up- 
welling areas of oceanic boundaries due to in- 
creased wind stress fields and a change in 
Antarctic productivity. Besides scenarios calling 
for increased Antarctic productivity, it is interest- 
ing to note that there appears to be evidence for 
lower productivity during Glacial times (Mortlock 
et al., 1991), so tl~at his region is in fact open to 
a wide range of scenarios. 
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If NADW formation would be reduced, the 
assymet~, between the oceans would be partly 
alleviated. The reduced assymetry between the 
oceans is supported by the downcore Cd/Ca and 
13C records from the Atlantic and Pacific Oceans 
(Boyle, 1992). This would imply a longer resi- 
dence tinie of Atlantic deep waters and a reduced 
contribution of the northern deep water compo- 
nent with its low preformed Cd and PO4 concen- 
trations and low Cd/PO 4 ratio. As a result, the 
oceanic deep water Cd /PO4 ratios may converge 
to an intermediate value for the Atlantic and 
Indo-Pacific oceans. If primary productivity in the 
Antarctic Ocean substantially increases, its pre- 
formed Cd and PO 4 concentrations decrease, and 
probably so does its preformed Cd/PO 4 ratio 
due to fractionation in surface waters. In that 
case the non-zero intercept of the deep water 
Cd-PO4 plot may shift towards the origin. In 
absence of a significant preformed signal, the 
deep water ratio would then become dominated 
by the regenerative input-ratio (= 400 pmol/  
ttmol for the modern ocean). If Antarctic produc- 
tivity decreases during Glacial times, the effects 
probably will be less dramatic, since today 
Antarctic surface waters already carry a signifi- 
cant preformed signature as a result of incom- 
plete consumption of nutrients. 
It has been suggested that surface organic ma- 
terial has fairly constant Cd /PO 4 ratios in spite 
of a large range in dissolved concentrations and 
ratios (Collier and Edmond, 1984). However, sus- 
pended particulate matter fully dominated by di- 
atoms, has significantly ower Cd/PO 4 ratios than 
in case of the presence of other primary producer 
taxa (Collier and Edmond, 1984; Noriki et al., 
1985). This implies that in case of a shift in the 
ratio of diatom producers to non-diatom produc- 
ers between Glacial and Interglacial times, the 
regenerative ratio of organic material may be 
different from that of today. There is evidence 
that the atmospheric dust load during Glacial 
times was much higher than during Interglacial 
times (Royer et al., 1983). More dust would imply 
an increased input of Fe into surface waters 
(Martin, 1990). Studies on the influence of Fe on 
phytoplankton suggest hat large diatoms may be 
stimulated by high Fe concentrations (Hudson 
and Morel, 1990; Buma et al., 1991; Price et al., 
1991). As diatoms flourish in polar regions (John- 
son, 1957), this may yield the Antarctic productiv- 
ity scenario for a Glacial period rather unpre- 
dictable. 
There seem to be plenty of reasons to expect a 
significant change in the Cd-PO 4 relationship 
between Glacial and Interglacial times~ In order 
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Fig. 6. Configuration f MENU. Scheme of advectivc ~dter fluxes is adapted after CYCLOPS (Keir, 1988) and PANDORA (Broecker and 
Peng, 1986) models. ARC = northern North Atlantic, ATL--temperate Atlantic Ocean, ANT= Southern o;" Antarctic Ocean, 
IPAC = Indo-Pacific Ocean. All fluxes are in sverdruos (10 6 m3s - 1). Other model parameters are given in Table 3. Bold arrows 
correspond tomajor water masses, North Atlantic Deep Water, Antarctic Bottom Water, Antarctic Intermediate Water, Common 
Water. Surface layer is 100 m thick, other layers are 450 m each for Atlantic and Indo-Pacific boxes, 3600 m for polar boxes. 
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to test some of the aforemade assumptions about 
the processes influencing the Interglacial and 
Glacial Cd-P04 relationship, we developed a 
multi-box model, MENU, to simulate the oceanic 
distributions of trace metals and nutrients. 
rhe model MENU (metal-nutrients) 
The purpose of MENU is to evaluate various 
hypotheses about processes controlling the 
oceanic distributions of Cd and PO 4 during Inter- 
glacial and Glacial times. Like most box-models, 
an accurate simulation of the actual distributions 
of Cd and PO 4 cannot be aimed at. Important 
reasons for this are ?irst that within reasonable 
limits, the configuration of the model (Fig. 6) has 
been kept as simple as possible, while still yield- 
ing enough spatial information. Also, apart from 
qualitative information about the involvement of 
Cd in the biologi~::al cycle derived from its dis- 
solved distribution, little quantitative information 
is available about its uptake by phytoplankton, 
excretion by grazers, particulate distribution, 
remineralization from organic material and so on 
(Collier and Edmond, 1984; Noriki et al., 1985; 
Abe and Matsunaga, 1988; Sherrell, 1989; Price 
and Morel, 1990; Sherreli and Boyle, 1992). For 
this reason, a more elaborate model cannot be 
well constrained. By comparing "Glacial type" 
conditions with Interglacial conditions we only try 
to test the hypothesis whether or not it is reason- 
abe to assume the modern Cd/PO4-relationship 
to remain constant in time. The results should 
not be considered as an attempt o reconstruct 
the most likely relationship for a Glacial periud. 
The model is explanatory, not predictive. Differ- 
ential equations in MENU are not solved, but 
integrated numerically with Euicr's rectangular 
method using time steps small in comparison with 
the smallest time constants (primary productivity). 
Model configuration 
The configuration of MENU is depicted in Fig. 
6 together with its thermohaline circulation pat- 
tern. We have divided the ocean into two polar 
regions and two low latitude regions, one for the 
Atlantic Ocean and one for the combined Indo- 
Pacific Ocean. In this way no excessive detail is 
introduced, while the assymetry in the oceanic 
distributions of metals and nutrients could still be 
simulated. We have opted for a significant amount 
of vertical resolution in the temperate oceans in 
order to gain more detailed information about 
the vertical distributions of Cd, PO4 and the 
Cd/PO 4 ratio than could be obtained from previ- 
ous box-models (CYCLOPS: Keir, 1988; PANDORA: 
Broecker and Peng, 1986). in the polar regions 
only two layers were distiPguished. These are 
areas of deep water formation and physical pa- 
rameters indicate a well-mixed, homogenous wa- 
tercolumn with little vertical stratification 
(Tchernia, 1980). 
The water fluxes of the thermohaline circula- 
tion pose somewhat more of a problem. Although 
the general flow patterns of waiermasses in CY- 
CLOPS (Keir, 1988) and PANDORA (Broecker and 
Peng, 1986) are similar, significant differences 
exist in the extent of ventilation. An important 
difference is the amount of Antarctic deep water 
formation, which differs by about 50%. Also the 
Hamburg Global Circulation Model (GCM) 
(Maier-Reimer and Hasselman, 1987) is in some 
respects different from both former models. We 
studied the results of several circulation patterns, 
one intermediate to those of CYCLOPS and PAN- 
DORA, and two others as closely similar to cy- 
CLOPS and PANDORA as  C~i-I~l . . . .  p . . . . . .  , ~c, - :cc:m- 
structed to fit within limits of the MENU configu- 
ration. Although the results differ in detail, gen-, 
eral trends are largely similar. Due to the larger 
vertical resolution of MENU, depth levels of inflow 
and outflow of water masses can be separated, 
enabling one to study the direct effects of water 
masE,::i; on the distributions of Cd and PO 4. The 
exception is the Antarctic where upwelling and 
downwelling are combined into one box, as is the 
case also in CYCLOPS and PANDORA. Due to a 
fairly limited amount of Cd data for this region 
(Bordin et al., 1987; Martin et al., 1990; Nolting 
et al., 1991; Westerlund and Ohman, 1991), a 
more sophisticated configuration of this area can- 
not be constrained. 
In addition to advective fluxes, vertical eddy 
diffusion was introduced. It was found that within 
observational limits (Sarmieuto et al., 1976), the 
vertical distribution of the value of the vertical 
eddy diffusion coefficient, k, significantly influ- 
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enced the position of the dissolved nutrient max- 
ima. The final values of k used in the model, 
which were within limits inferred from the oceanic 
distributions of radiotracers (Sarmiento et al., 
1976), were obtained by tuning k so as to yield 
the most realistic distribution of PO 4 (Table 3). 
TABLE 3 
Initial conditions of MENU simulations 
Interglacial ocean 
Physical parameters 
1 eddy diffusion coeff. 
2 advective flu~: 
3 depth ocean 
4a area ocean 
4b Tchernia ocean 
(Tchernia, 1980) 
0-1000 t~a depth 
1000-370D m depth 
three con figurations: 
MENU 
PANDORA (Broecker and Peng, 1986) 















2 ~xport production factor 
3 remineralization function Cd, PO4: 
with x < !.0, Cd has deeper emineralization function than PO4, 
a remineralization factor Cd 
4 Cd/PO4 ratio incorporation during PP, fractionation fac'or f: 


















0.2 + 0.05 
[(exp. prod. at 100 m) x {lGl~/d~pth}'], 
1.0; 0.9; 0.75; 0.6 
0.295 mnol//zmol 
0.42; 0.48 
b regionally variably f, two different scenarios (different plankton communities) 
Arctic 0.17 0.085 
Atlantic 0.42 0.35 
Antarctic 0.52 1.7 
Indo-Pacific 0.42 0.4 
Glacial ocean 
Physical parameters 
1 advective fluxes 
Biological parameters 
1 primary product.~:fficiency factor 
low Antarctic productivity 
high Antarctic productivity 
3 remineralization factor Cd 
Glacial configuration MENU: 
1. NADW 50% of interglacial 
2. NADW injected at 1000--2000 mdepth 
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TABLE 3 (continued) 
Biological parameters 
4 Cd/PO4 ratio incorporation during PP, fractionation factor f: 















different plankton community, 
Productivity and remineralization f organic mate' 
rim 
The model is assumed to be closed internally, 
that is, there is no net sedimentation and no 
input into the oceans of Cd and PO4. This is a 
reasonable assumption, in view of the large resi- 
dence times of both elements (rcd = 18,000- 
180,000 yr depending on the selected rate term; 
Boyle et al., 1976; Bruland, 1980; Balistrieri et al., 
~98,; Martin et al., 1989; ¢eo 4 ~ 100,000-200,000 
yr; Broecker and Peng, 1982). No attempt was 
made to model primary productivity (PP) mecha- 
nistically. PP was coupled directly to surface wa- 
ter PO4 concentrations. PO4 is converted into PP 
using a conversion factor, tuned so as to yield 
reasonable yearly productivity numbers (from 
Berger, 1989). in the polar seas productivity is 
not as efficient in stripping nutrients from surface 
waters as in the temperate ocean, and therefore a
productivity factor was introduced to simulate the 
integrated effect of various factors limiting PP in 
these waters. For the Interglacial, this factor was 
tuned to yield reasonable yearly productivity 
numbers as well as preformed PO4 concentra- 
tions (Broecker et al., 1985). We realize that the 
global primary productivity estimate obtained in 
this way underestimates the real value due to 
exclusion of coastal and shelf waters and up- 
welling areas. The influence of these areas on the 
biogeochemical cycling of nutrients and trace 
metals in open ocean waters is not well under- 
stood. Whatever their contribution may be, the 
role of the biological pump will be underesti- 
mated b,, our model (as in most box models; 
Broecker and Peng, 1986; Keir, 1988; Volk and 
Liu, 1988). 
Remineralization of organic matter was at- 
tributed solely to sinking particulate organic mat- 
ter (POM). In previous models, the importance of 
slowly degrading Dissolved Organic Matter 
(DOC) has been emphasized and shown to yield 
realistic tracer distributions (Sarmiento et al., 
1988a; Sarmiento et al., 1989). We have decided 
not to include DOC in our model for various 
reasons, the most important being that its role in 
trace metal cycling is unknown. Also, using only 
sinking POM, MENU yields distributions of Cd 
and PO4 sufficiently similar to their real distribu- 
tions, that inclusion of DOC was deemed an 
unnecessary complication of the model, yielding 
little additional information.i The remineraliza- 
tion function was adapted after the sediment trap 
data by Martin et al. (1987) (Table 3). POM 
reaching the lowest box is completely remineral- 
ized there, thus simulating complete oxidation of 
organic matter on the seafloor with no net burial. 
Export production (f)  was allowed to vary with 
PP as indicated by field measurements (Betzer et 
al., i984; Berger et al., 1989), but was usually on 
the order of 0.2, Large f-values resulted in exces- 
sive loss of nutrients from surface waters, leading 
to decreased PP and deep dissolved maxima of 
PO4 and Cd. 
The Interglacial ocean 
The initial values of the model parameters, 
tuned to reproduce the oceanic disttlbution oi 
PO 4 as closely as possible, are listed in Table 3. 
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Figure 7 compares the model derived distribution 
with the real distribution (Bainbridge, 1980; Craig 
et al., 1987.). In general the similarity is good. For 
the Atlantic Ocean, the boundaries between 
AAIW, NADW and AABW are somewhat more 
diffuse than in the real ocean. This could be due 
to too high values for exchange between these 
water masses, but also due to taking an average 
for the entire Atlantic Ocean. Thereby the 
north-south and east-west assymetry, which is so 
characteristic of the modern Atlantic, is ne- 
glected. 
The distribution of Cd was simulated, paying 
special attention to reproducing the following 
features: 
(1) surface waters with low Cd/PO 4 ratios, 
except in the Antarctic Ocean; 
(2) rapidly increasing Cd/PO 4 ratios in the 
thermocline and more or less constant values at 
or above the dissolved maxima of Cd and PO4; 
(3) deep water Cd/PO4-ratios increasing from 
the Atlantic to the Pacific; 
(4) a change in slope in the Cd-PO 4 relation- 
ship between the Atlantic and the other oceans. 
These conditions were tested with three sce- 
narios: 
(1) Fractionated uptake of Cd during primary 
productivity, resulting in sinking POM enriched 
in Cd. The fractionation is allowed to "~t~ty region- 
ally, in response to differences in the pt?yto- and 
zooplankton communiPy. Note that in absence of 
an ecological model for the surface ocean, this is 
similar to stating preferential excretion of PO 4 by 
grazers, resulting in sinking POM depleted in 
PO 4. What is important is that Cd and PO 4 have 
similar remineralization functions. 
(2) Fractionated remineralization of Cd and 
PO 4 from sinking POM such as proposed earlier 
(Boyle, 1988a). Cd is slightly more refractory than 
PO 4. Cd and PO 4 are not. fractionated during PP. 
The various model parameters of each sce- 
nario are listed in Table 3. 
Results 
Scenario 1 
The results of scenario 1 are depicted in Fig. 8. 
If we assume a Redfield-type ocean, the oceanic 
Cd/PO 4 ratio is kept cn the ratio of their respec- 
tive inventories as in th~ case of PO4 and NO 3 
(Fanning, 1992). On~ ratio is observed every- 
where in the oceans, in case of preferential incor- 








• 4000 . . . .  
0 
~.~ ~- , ; 
D 




Fig. 7. Comparison of MENU simulated PO 4 profiles with GEOSECS PO 4 profiles. Solid drawn lines are MENU simulated profiles, with 
ocean boxes indicated in graph. G~OSECS data are from GEOSECS 6, black squares, north Atlantic Ocean; GEOSECS 36, white squares, 
west equatorial Atlantic Ocean; GEOSECS 78, white triangles, Southern Ocean; CEOSECS 424, black circles, west equatoria~ Indian 
Ocean. 
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Fig. 8. MENU simulated results for Interglacial Ocean for Cd and Cd/PO 4 ratios, Scenario !, fractionation of Cd and PO 4 during 
uptake. (a) Comparison of MENU Cd profiles with literature data. (b) Vertical profiles of Cd/PO~ for various uptake scenarios for 
"normal" oceanic boundaries (Antarctic bounded by = 52°S). Cd/P ratios organic matter correspond to parameter conditions in 
Table 3: regionally constant values, 0.42 and 0.48 nmol/kg, the former was used in combination with increased subsurface 
ventilation (upwelling) leading to higher annual primary producti',,ity numbers. Regionally variable fractionation factors: Arctic 
0.17, Atlantic 0.42, Antarctic 0.52, Indo-Pacific 0.42 nmol//.LmoL (c) Same for "Tchernia ocean" (Tchernia, 1980), with Antarctic 
Ocean bounded by 40°S latitude. Cd/P ratios organic matter fr~m Table 3; Arctic 0.17, Atlantic 0.42, Antarctic 0.52, Indo-Pacific 
0.42 nmol//.Lmol. (d) Propert:v-Property plots of Cd versus PO 4, upper panel for MENU simulated results only. Fractionation factor 
during uptake: Arctic 0.17, Atlantic 0.42, Antarctic 0.52, Indo-Pacific 0.42 nmol//~mol. Lower panel, MENU results in comparison 
with global Cd/PO 4 plot (from De Baar et al., submitted). Fractioaation factors during uptake Arctic 0.085, Atlantic 0.35, 
Antarctic 1.7, Indo-Pacific 0.4 nmoi/#mol. 
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poration of Cd during primary production, with 
one fractionation factor for all oceanic regions, 
surface water Cd /PO 4 ratios decrease to low 
values. Lowest values are observed in the low- 
latitude oceans and relatively high values in 
Antarctic surface waters, not dissimilar to the 
real situation. The Cd/PO4 ratios show a rapid 
increase with depth in the upper thermocline. In 
the Indo-Pacific Ocean they reach constant val- 
ues at or just above the individual dissolved max- 
ima of Cd and PO4. Deep water ratios in the 
Atlantic Ocean show ~he strong influence of 
AABW, leading to high ratios in deepest waters. 
Also, deep water ratios gradually increase from 
the Arctic to the Indo-Pacific Ocean. Actual Cd 
concentrations are in good agreement with mea- 
sured values (Fig. 8a). Realistic Cd/PO 4 ratios 
are obtained with fractionation factors larger than 
480 pmol/tzmol. This is within the range of ratios 
measured for surface suspended particulate mat- 
ter (Collier and Edmond, 1984; Abe and Mat- 
sunaga, 1988; Sherreli, 1989). A larger separation 
between the Atlantic and Indo-Pacific Ocean is 
also obtained with a differerent choice for the 
oceanic boundaries. If the Antarctic is defined 
according to Tchernia (1980) (south of the 40°S 
parallel), the surface of the Atlantic Ocean de- 
creases in favour of that of the Antarctic. Keep- 
ing the plumbing constant, the residence time of 
deep Atlantic water decreases, leading to lower 
Cd and PO4 concentrations, and due to the re- 
duced contribution of the biological pump for 
that region, results in lower Cd/PO4 ratios. We 
do not suggest that this is a more realistic repre- 
sentation of oceanic circulation and the results 
are of course model determined. However, it 
does show that within the limits of the oceanic 
configuration there is some variability in biogeo- 
chemical distribution of metals and nutrients, re- 
sulting only from differences in ocean volumes, 
configuration and residence times. Obviously, 
since the model is closed with respect o in- and 
output of Cd and PO 4, and the Cd/PO4 ratio of 
sinking organic matter is fixed at one value, a 
property-property plot of Cd versus PO4 does 
not exhibit the typical "kink". 
However, the fractionation constant need not 
be constant regionally at all. Cd/PO4 ratios of 
surface suspended particulate matter do show 
regional variability. High dissolved Cd/PO 4 ra- 
tios in North Atlantic surface waters (see refer- 
ences in De Baar et al., submitted) suggest that in 
Arctic waters preferential incorporation of Cd 
may be relatively unimportant. In the model we 
have chosen a low fractionation factor for the 
Arctic Ocean. It has been suggested that low 
preformed Cd/PO 4 ratios in AAIW may be the 
cause of the kink in the Cd-PO4 plot (Doroshe- 
rich and Boyle, 1992; Frew and Hunter, 1992). 
AAIW would ventilate the ocean with a pre- 
formed signal with low Cd/PO4 ratios. Although 
the observational evidence for this theory is at 
least equivocal (see previous discussion), we have 
introduced this in our model by giving the 
Antarctic a high fractionation factor. When al- 
lowing for this regionally varying fractionation 
between Cd and PO 4, tWO interesting features are 
observed. First, the plot of Cd versus PO 4 now 
indeed shows a kink. Lowest slopes are obtained 
for Arctic waters, although a negative Cd inter- 
cept is found, in contrast with measured ata, 
depicted in Fig. 4, which have a positive Cd 
intercept. Highest slopes are found for the 
Antarctic in good agreement with measured ata. 
Secondly, due to the lateral advection of waters 
from the Antarctic with high Cd/PO4-ratios, 
Cd/PO4 ratios in deep lndo-Pacific waters con- 
tinue to increase below the dissolved maxima of 
Cd and PO4. The downward increase is not large, 
but the trend is significant and probably limits 
the degree of freedom in regionally varying the 
fractionation factor. Unrealistic results are ob- 
tained if the fractionation factor in Arctic surface 
waters is very high or that in Antarctic surface 
waters is low. As can be seen from Fig. 8b, it is 
possible to play with the magnitude of the frac- 
tionation factor but that does not significantly 
change the major features described above. 
Scenario 2 
In scenario 2 the fractionation factor during 
primary production is set at the "Redfield" ratio, 
but Cd is given a slightly deeper eminera~ization 
function than PO 4 (Fig. 9). This scenario yields 
generally similar results as scenario 1. Cd/PO 4 
ratios of surface waters are low, with highest 
LIMITATIONS TO QUANTITATIVE APPLICATION OF Cd AS PALEOCEANOGRAPHIC TRACER, BASED ON MENU 83 
Fractionation during remineralization 
.c  
w 












- "O-"  ARC 
""e'- -  ATL 





0.0 011 012 013 0.4 
Cd/P 
Fig. 9. MENU simulated results for Interglacial Ocean for Cd 
and Cd/PO4 ratios. Scenario 2, fractionation of Cd and PO4 
during remineralization. Upper panel for remineralization 
function Cd with x = 0.75, lower panel, x = 0.6, see Table 3. 
values for the Antarctic, Also, the ratio increases 
rapidly with depth. The ratio increases from the 
deep Arctic Ocean to the deep Indo-Pacific 
Ocean. Also, Indo-Pacific waters have a steeper 
slope than Atlantic waters, thus giving rise to the 
kink in the Cd-PO4 plot. The slope for Antarctic 
waters is however lowest of all oceanic regions, in 
contrast with the results of scenario 1 and the 
real ocean. As expected, scenario 2 further re- 
suits in Cd/PO 4 ratios increasing with depth, 
hence a decoupling of the dissolved maxima of 
Cd and POa. In addition, the Cd/PO4 ratio of 
deep Atlantic water becomes larger than the value 
for the Antarctic. If the fractionation factor of 
the remineralization function is kept low (x = 0.9, 
Table 3), the vertical redistribution of Cd and 
PO4 and the downward increase of the ratio 
come within the uncertainty of measured ata 
(not shown). However, in that case, the difference 
between the deep water Cd/PO4 ratios of the 
Atlantic and Indo-Pacific Oceans is greatly re- 
duced. 
The most realistic model simulations are ob- 
tained if Cd and PO4 are fractionated, either 
during primary production and/or during rem- 
ineralization. The latter process also yields some 
features which clearly do not correspond with the 
field data, but we realize that the model is too 
simple to conclude that this scenario would not 
be realistic. Since regionally varying fractionation 
during primary production yields quite realistic 
model results, it appears that the composition of 
the plankton community may have been an im- 
portant parameter in determining the oceanic 
Cd-PO 4 relationship through geological time. We 
shall now look at the influence achange in oceanic 
conditions, such as may have occurred during a 
Glacial period, has on the Cd-PO 4 relationship. 
The Glacial ocean 
From the sedimentary ecord we know that the 
oceanic conditions may have greatly differed be- 
tween Interglacial and Glacial times (Broecker, 
1992). A quantitative interpretation of this infor- 
mation still contains considerable uncertainties, 
but for many changes a good estimate of mini- 
mum and maximum values can be obtained. We 
do not intend to give an extensive study of all 
possible Glacial scenarios. The aim of this Glacial 
ocean run is to see if the modern Cd-PO4 rela- 
tionship changes in response to changing oceanic 
conditions. From the many Glacial scenarios 
which can be envisioned, the results of one, with 
the following assumptions, are discussed: 
(1) reduction, but no cessation of the forma- 
tion of NADW by 50% (Keir, 1988; Broecker and 
Denton, 1989); 
(2) similar total ventilation rates as for the 
modern ocean (Andr6e et al., 1986); 
(3) increased low latitude subsurface upweiling 
due to increased mean wind stress field; 
(4) increased Antarctic productivity; 
(5) changes in the Cd/PO4 ratio of remineral- 
izing organic material in response to a hypothe- 
sized change in phytoplankton community; 
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(6) relative changes in the oceanic invent.ories 
of Cd and PO4: as an example the Glacial sce- 
nario was also run with an oceanic Cd inventory 
increased with 15% relative to the PO4 inventory. 
For this scenario evidence is lacking). 
Results 
If only the oceanic circulation is changed, the 
oceanic distribution of the Cd/PO 4 ratio con- 
verges to an intermediate value, being the aver- 
age value of the modern ocean (Fig. 10). The 
asymmetry between the four ocean regions is 
greatly reduced though not completely abolished. 
The profiles of Cd and PO4 show dissolved max- 
ima which lie much deeper than in today's ocean 
(Fig. 11). For the Atlantic Ocean, this results in 
lower concentrations in intermediate waters and 
higher concentrations in deep waters, in good 
agreement with Cd/Ca data (Boyle and Keigwin, 
1987; Bertram, pers. comm., 1993). This effect is 
enhanced if the Antarctic productivity is in- 
creased (not shown), as was simulated earlier 
with the CYCLOPS model (Keir, 1988; Keir, 1991). 
in absence of regionally varying fractionation of 
Cd an0 PO4 during uptake, the Cd-PO4 relation- 
ship does not change between Glacial and Inter- 
glacial times, since the slope is determined by 
one, constant fractionation factor. What changes 
is the oceanic distribution of the Cd/PO4-ratio in 
deep water, but the functional relationship re- 
mains the same. However, if the fractionation 
factor is allowed to vary regionally, the different 
circulation by itself already results in a changing 
Cd-PO 4 relationship, since the relative contribu- 
tions of the various plankton communities is 
changed with a different circulation (Fig. 12a). 
Obviously, the same result is obtained if the 
fractionation factor is changed in response to a 
different composition of the plankton communi- 
tites. 
A similar result is obtained in case of fraction- 
ated remineralization (Fig. 12b). For example, 
during a Glacial, the Cd/PO4-slope for the 
lndo-Pacific Ocean is significantly different from 
that during an Interglacial ocean. Lastly, the av- 
erage Cd/PO 4 ratio of deep waters is directly 
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Fig. 10. MV.NU simulated results for Glacial Ocean. Vertical 
profiles of Cd/PO4 ratio for Glacial (lower panel) in compari- 
son with Interglacial (upper panel). Both runs are for fraction- 
ation during uptake, factors are (Table 3): Arctic 0.17, At- 
lantic 0.42, Antarctic 0.52, lndo-Pacific 0.42 nmol/~mol. 
ries of Cd and PO4. Thus, if the various Glacial 
scenarios have any realistic value, there is little 
reason to assume that the oceanic Cd/PO4 rela- 
tionship remains constant through geological 
time. 
Statistical considerations to estimating Cd, PO 4 
or D from linear relationships 
In the previous sections, various linear rela- 
tionships between variables have been discussed 
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which have been used to estimate one property as 
a function of the other (e.g. estimating D from 
the relationship between Cd/Ca in box core tops 
with ambient PO4 and subsequently estimating 
Cd from the Cd-PO4 relationship). Although the 
fitting of linear relationships to data is one of the 
most frequent statistical activities, there is still 
considerable debate on how best to do it. Theo- 
retically robust statistical techniques are avail- 
able, but unfortunately, in the real world these 
one-would-wish-it-were-so statistics eldom apply. 
In using linear relationships not for explanatory 
but for predicitive purposes, the most commonly 
used method is still taking the coefficients of 
ordinary least square regression (OLS), per- 
formed on a bivariate population. This method 
however often yields erroneous results, since the 
conditions underlying OLS hardly ever apply and 
since confidence intervals are seldom taken into 
account. The latter may greatly reduce the preci- 
sion with which parameters can be estimated, 
possibly to the extent that the scatter about the 
data rivals the range in the observations. 
In straight line analysis, usually four models 
representing the relationship between two vari- 
ables are distinguished (Acton, 1959; Sprent and 
Dolby, 1980), which reflect the variance of the 
variables. Each model has its own description of 
the relationship between the ~o variables and in 
case the model does not apply, the description 
lacks mathematical and statistical support. In 
other words, if OLS does not apply, the coeffi- 
cients of linear regression calculated by statistical 
programs using OLS are not meaningful. The way 
in which data are usually represented in prop- 
erty-property plots, is by showing the means of 
the variables measured on random samples, with 
omission of all sources of error. This optimistic 
approach would correspond with model I, shown 
in Fig. 13a. In this model the data are samples of 
a bivariate, normally distributed population, in 
this case of Cd and PO 4. Although attractive, this 
assumption is clearly not valid as both Cd and 
PO4 arc at least subject o analytical errors, which 
are not negligible. In addition, Cd and PO4 may 
not be completely mechanistically correlated (in 
fact there is little reason to assume they are), in 
case of which another source of error is intro- 
duced about which we know nothing. 
Model II corresponds to classical OLS (Fig. 
13b). In this model, the X-value (in our case PO 4) 
is assumed to be known exactly and all the vari- 
ance is attributed to the Y-value (Cd). When 
examining individual profiles of Cd and PO 4 one 
is inclined to believe this would be a good approx- 
imation to reality. P04 concentrations usually 
show much higher precision than Cd data. How- 
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Fig. 12. Property-property plots of Cd versus PO4 for Glacial 
Ocean. Upper panel shows effect of Glacial circulation on 
Cd/PO4 relationship with fractionation during uptake. High 
Antarctic productivity factor = 0.5 (see Table 3), fractionation 
factors Arctic 0.085, Atlantic 0.35, Antarctic 1.7, Indo-Pacific 
0.4 nmol/p.mol. Low (normal) Antarctic productivity factor = 
0.1 (Table 3), fractionation factors Arctic 0.17, Atlantic 0.42, 
Antarctic 0.52, Indo-Pacific 0.42 nmol//zmol. Lower panel 
shows effect of Glacial circulation on Cd/PO 4 relationship 
with fractionation during remineralization, for Cd, remineral- 
ization factor x = 0.6 (Table 3). 
sign of the PO 4 data is usually excellent, but the 
accuracy is probably not better than 10% (see 
discussion in Saager et al., submitted). Many pub- 
lished PO 4 datasets ignificantly deviate from the 
GEOSECS/rrO-NAS datasets, which are the only 
global datasets which have been thoroughly inter- 
calibrated. For Cd, we have limited ourselves to a 
high quality data-set (see above), showing a preci- 
sion not much worse than for PO4. The uncer- 
tainty in both variables is at least on the order of 
10%, sufficiently large to reject the validity of 
model II. 
In the common situation in which Cd and PO4 
are measured on random samples from the global 
Cd-PO 4 population, model IV applies, also 
known as the structural relationship (Fig. 13c). 
We have estimates of X and Y (namely the 
measured mean concentrations of Cd and POa), 
but we know virtually nothing about the variance 
distribution of both variables. Performing dupli- 
cate analysis on samples would yield some infor- 
mation on the variance distribution of the vari- 
ables, but not much, since it only slightly reduces 
the analytical source of error and does not give 
information about other sources of error. The 
most important consequence of dealing with 
model IV is that the coefficients of the regression 
line (Cd) fa  +b(PO4), are determined by the 
ratio of the individual variances A = crv/cr ~22 
(Sprent and Dolby, 1980; McArdle, 1988). In ab- 
sence of information on the variance distribution, 
there simply is no unequivocal, mathematically 
rigorous olution (McArdle, 1988). From a com- 
puter simulation calculating the error magnitude 
of various linear regression methods, for data sets 
generated with different values of A, it was 
demonstrated that for model IV the most reliable 
estimate of the regression line is obtained by the 
reduced major axis method (RMA, Fig. 13d) (Mc- 
Ardle, 1988). Only if A > 3 the coefficients may 
be approximated by OLS (McArdle, 1988). In the 
absence of information on the total variance dis- 
tributions of Cd and PO4 there is no reason to 
assume a > 3. 
If the correlation coefficient is larger than 0.9, 
OLS and RMA virtually coincide. However, for 
deep waters the bivariate Cd-PO a distribution is 
significantly bimodal (De Baar et al., submitted), 
so that two regressions have to be used, one for 
PO 4 > 2 /~mol/kg, one for PO a <2 /~mol/kg 
tFig. 4). Each regression has a correlation coeffi- 
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cient smal|er than 0.9 so that both methods (OLS 
and RMA)will yield different slopes and inter- 
cepts. Note that the correlation coefficients are in 
fact upper estimates as they were calculated with 
the assumption of zero variance for Cd and PO4. 
The difference between OLS and RMA may be 
considerable (Fig. 13d). Also with RMA, in ab- 
sence of information on the variance distribu- 
tions, it is not possible to give accurate stimates 
of the correlation coefficient or confidence inter~ 
vals. 
Now that we know that OLS for Cd and PO4 
does not enjoy rigorous statistical support, we 
may close our eyes and pretend that model II 
does apply. For deep waters (below 1000 m) the 
resulting regression lines are shown in Fig. 4 
(from De Baar et al., submitted) with correspond- 
ing confidence intervals. At given PO 4 concentra- 
tion, Cd can be estimated within about 15-20% 
at the 95% confidence level, a larger uncertainty 
than proposed earlier (Boyle, 1988a). It will be 
clear that more realistic estimates of Cd as a 
function of PO4, taking a more rigorously statisti- 
cal point of view, will be worse. 
From the Cd-PO4 plot for thermocline waters, 
it seems that the correlation is somewhat better 
than for deep waters (Fig. 5). A similar reasoning 
as above can be applied for thermocline waters. 
For surface waters, the correlation is poor, the 
correlation coefficient being on the order of 0.6. 
For correlation coefficients below 0.6 it is hardly 
worth fitting a line for predictive purposes (Sprent 
and Dolby, 1980). It therefore seems that applica- 
tion of Cd as a paleonutrient tracer for plank- 
tonic foraminifera is not very fruitful. 
The distribution coefficient 
The most reliable way to assess the "distribu- 
tion coefficient" between the Cd/Ca ratio of 
foraminifera nd seawater, is by directly measur- 
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Fig. 13a. Model I: schematic distribution of a normally distributed bivariate population of XI, X2. (b) Model II: schematic 
distribution of random samples from bivariate population, X exact, all variance is attributed to Y. Classical linear egression model, 
regression with ordinary least squares regression (OLS), and 95% confidence intervals for predictive purposes. Dots are means of 
data-pairs X,Y with variance distribution of Y. (c) Schematic distribution of random samples from bivariate population, both X and 
Y in error. Dots are means for data-pairs X,Y, with projection of hypothetical variance distribution. Regression of Y on X is given 
by Y = a + bX + u. (d) Schematic distributiot, of normally distributed bivariate population X,Y, both variables are in error. Shown 
are regression lines calculated with OLS -Y  at given X and X at given Y -  and calculated with Reduced Major Axis method. 
Note the difference in slopes of the regression lines. 
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shells using a radioactive Cd-tracer. Thermody- 
namically speaking it is not a distribution coeffi- 
cient, but for the sake of simplicity we shall use 
this term. Thus far, this has only been performed 
for planktonic foraminifera (Delaney, 1989), 
yielding a D of between 2 and 4, an uncertainty 
of 33% (Table 2). Thermodynamical distribution 
coefficients for inorganic precipitation of CaCO a 
with Cd are about an order of magnitude higher 
than for biogenic arbonate. An extensive discus- 
sion of thermodynamical nd kinetical factors 
influencing the uptake of Cd in CaCO3 has been 
presented elsewhere (Boyle, 1988a) and is beyond 
the present scope. As mentioned above, an indi- 
rect assessment of D for benthic foraminifera 
was obtained from comparing foraminiferal 
Cd/Ca ratios from box core tops with the ambi- 
ent seawater PO 4 concentration (Boyle, 1988a). 
The problem with this estimate is similar to that 
of the dissolved Cd/PO 4 relationship, namely 
that, despite the encouraging correlation, the re- 
lationship is not ideal due to the large non-zero 
intercept. Hence, analogous to the Cd/PO4 rela- 
tionship, it is likely to change throughout geologi- 
cal time as well. Ignoring this fact, a D for the 
modern ocean can be estimated by relying on the 
relationship between Cd and PO 4 given in Table 
1. This yields a distribution coefficient very simi- 
lar to the directly obtained estimate (Table 2). in 
this estimate statistical considerations, uch as 
discussed above, were not included. This would 
add considerably to the variance already present 
when directly comparing Cd/Ca with ambient 
PO4 (Boyle, 1988a). As a result, D will exhibit a 
much larger ange than suggested in Table 2, thus 
coming close to or more likely exceeding the 
range of the directly assessed D. it will be clear 
that an independant calibration of D, by simulta- 
neously measuring bottom water Cd, salinity (to 
calculate Ca) and the foraminiferal Cd/Ca ratio 
is sorely needed in order to remove the circular 
dependance on the seawater Cd/PO4 relation- 
ship, with its variability in space and geological 
time. 
Apart from the problems just mentioned, two 
other features of the distribution coefficient 
greatly complicate its use as a transfer function. 
Boyle (1992)already showed that D appeared to 
be a function of depth. In addition to being a 
function of depth, it seems that D also shows 
regional variability (calculated after Boyle, 1988a; 
1992), possibly related to chemical characteristics 
of different water masses. Since the amount of 
box-core top measurements is small, it is not 
useful to group them into small oceanic regions. 
Grouping of box-core tops deeper than 3000 m--  
below the depth dependance of D--into an At- 
lantic and an Antarcto-lndo-Pacific province, 
yields significantly different D's for each region. 
The Atlantic D is about 3.2, the other about 2.35, 
the difference being significant at a = 0.05 (95%). 
The three-dimensional variability of D may 
have large consequences for the reconstruction f 
dissolved Cd for the Last Glacial Maximum 
(LGM) such as proposed recently (Boyle, 1992). 
Based on the reconstructed distribution of dis- 
solved Cd, using one, depth-corrected value for 
D, it was concluded that during the LGM, Cd 
concentrations in the deep north and west Pacific 
Ocean were significantly lower than today. For 
the east equatorial Pacific, however, this differ- 
ence was not found, nor was it observed for 13C. 
Low Cd concentrations in the NW Pacific during 
the LGM, would suggest that during that period 
the north Pacific may have experienced a deep 
water formation area. This north-Pacific deep 
water mass would have ventilated the deep Pa- 
cific with low, preformed nutrients. However, the 
data for the east equatorial Pacific and the 13C 
data contradict his. Such a large difference be- 
tween both basins would be unexpected as the 
Pacific Ocean is not divided bathymetricaUy, as is 
the Atlantic Ocean. The raw Cd/Ca data thus far 
are inconclusive, but are not in support of a 
substantial difference between modern and 
Glacial Cd concentrations for this region. Docu- 
mented box core top measurements are not yet 
available for the open northwest Pacific Ocean, 
but undocumented core tops and documented 
box-cores from the China Sea (presently venti- 
lated by Pacific waters) suggest modern Cd/Ca 
ratios not greatly different from the LGM. In 
contrast, Cd/Ca ratios in core tops from the east 
equatorial Pacific are much higher ( = 40%), both 
today and during the LGM. If the core top data 
for the northwest Pacific are reliable, this would 
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imply that for this area D is even lower than 2.35, 
namely on the order of 1.8-2.0. Preliminary data 
from core tops from Ontong Java platau are in 
agreement with this low D (N. Ohkouchi, 1992, 
pers. comm.). It is not clear if Ohkouchi's cores 
contained 15 cm or more of Holocene sediment. 
To complicate matters further, the latter cores 
showed higher Cd/Ca ratios for the LGM, rather 
than lower, so that bioturbation could not have 
led to an underestimate of D. The aforemen- 
tioned example shows the risks of using an im- 
properly defined D to quantitatively interpret he 
Cd/Ca record. 
Discussion 
In absence of a direct, independent determina- 
tion of the distribution coefficient for benthic 
foraminifera, a quantitative interpretation of the 
Cd/Ca record depends on the seawater relation- 
ship between Cd and PO4. If the Cd/Ca record is 
to be used as a tracer for paleonutrient distr,~bu- 
tions, it will depend on this relationship also after 
direct calibration of D. From the previous discus- 
sion it has become clear that, although Cd and 
PO4 have very similar oceanic distributions, bio- 
geochemical fractionation between both elements 
results in a significant spatial variability of this 
relationship. The deep-water elationship is a 
global average of spatial variations in fractiona- 
tion between both elements during primary pro- 
ductivity, grazing processes and remineralization 
of organic material. For example, large differ- 
ences in Cd/PO4 ratios of organic matter have 
been observed between certain diatoms and other 
plankton species, notably for Antarctic waters 
(Collier and Edmond, 1984; Noriki et al., 1985). 
Upwelling areas often show very pronounced 
negative curvature of the Cd-PO 4 plots for upper 
thermocline waters (Yeats, pers. comm.; Saager 
et al., 1992), suggesting a rapid remineralization 
cycle of PO 4, leading to low surface water 
Cd/PO4 ratios. 
The results of the model simulation suggest 
that a change in circulation in itself could lead to 
a Cd-PO4 relationship different from the present 
ocean. The model further indicates that, if for 
ecological reasons the composition of the phyto- 
and zooplankton communities in the surface 
ocean changes, this could also result in a change 
in the oceanic Cd-PO4 relationship. One of those 
ecological mechanisms, discussed above, could be 
the increased input of Fe from atmospheric dust 
into surface waters during Glacial times. Culture 
experiments studying the effects of Fc additions 
on phytoplankton growth, show increased pro- 
ductivity and changes in species composition for 
surface waters with low dissolved Fe concentra- 
tions such as Antarctica and the Equatorial Pa- 
cific Ocean (Buma ct al., 1991; Price et al., 1991). 
Other mechanisms could be due to a change in 
the extent of upwelling in eastern boundary up- 
welling systems or, for example, the monsoonal 
upwelling system of the Arabian Sea. Upwelling 
may affect phytoplankton species composition due 
to a change in trace metal distributions of surface 
waters (Bruland, 1980; Saager et al., 1992). Also, 
changing free metal concentrations may influence 
the composition of coastal relative to neritic 
species, since both types of plankton have differ- 
ent tolerance levels for trace metals (Morel and 
Hudson, 1984). At present, most of the theories 
concerning the fractionation processes influenc- 
ing the Cd-PO 4 relationship in seawater are in- 
evitably speculative. 
Another major problem associated with the 
quantitative use of the Cd/Ca record is the poor 
definition of the distribution coefficient, D. Apart 
from the fact that a proper inclusion of statistical 
considerations presently results in a significant 
uncertainty of D, its depth and, possibly basin (?) 
dependance may prove more intrinsic factors lim- 
iting its use as a conversion factor, ilowever, a 
direct calibration will no doubt remove the most 
acute sources of error. 
Conclusions 
A quantitative interpretation of the sedimen- 
tary Cd/Ca record in terms of dissolved oceanic 
concentrations of Cd and PO4, currently appears 
difficult, if not impossible, due to large uncertain- 
ties in the determination of the distribution coef- 
ficient and due to spatial and temporal variability 
of the Cd-PO 4 relationship. Since the raw Cd/Ca 
record yields results complementary to many 
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other established tracers (13C, 180, foraminiferal 
abundance, etc.), a rigorous, independent calibra- 
tion of D is highly desirable in order to allow the 
reconstruction of the oceanic distribution of Cd. 
Subsequently, this may turn out to be a suitable 
tracer of circulation and nutrient distributions. 
For this purpose, the mechanisms determining 
the relationship between Cd and PO 4 need to be 
more closely investigated before paleonutrient 
distributions can be reconstructed quantitatively. 
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